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INTRODUCTION 
Producers of com (Zea mays L.) must manage the associated pest complex to realize a 
profit. Weeds are a major components of the pest complex. Soil erosion and chemical load 
on the environment are also concerns in com production. Producers would prefer to control 
weeds without excessive tillage or herbicide use. 
In Iowa, the important grass weeds in com are the foxtails (Setaria sp.). Shattercane 
(Sorghum bicolor (L.) Moench) (Oyrazabal, 1989) and woolly cupgrass rEriochola villosa 
(Thunb.) Kunth) (Bello, 1988) are increasing problems and troublesome because they are 
highly competitive and produce many seeds (Schuh and Harvey, 1990; Camacho et al. 1990). 
Current soil-applied herbicides are not effective against shattercane and woolly cupgrass and 
most require incorporation. Primisulfuron (2-[[[[[4,6-bis(difluoromethoxy)-2-
primydinyl]amino]carbonyl] amino]sulfonyI]benzoic acid) and nicosulfiiron (2-[[[[(4,6-
dimethoxy-2-pyrimidinyl)amino] carbonyl]amino]sulfonyl]-N,N-dimethyl-3-
pyridicarboxamide) are sulfonylurea herbicides that have postemergence grass activity and 
have been registered for use in com by the Environmental Protection Agency. 
Field observations demonstrate that primisulfijron and nicosulfuron effectively control 
shattercane (Owen, 1992, personal communication). However, only nicosulfuron controls 
woolly cupgrass. This research will elucidate the basis for the differential tolerance to these 
herbicides by com, woolly cupgrass and shattercane. 
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Dissertation organization 
The research is presented as two research papers: the first paper deals with herbicide 
penetration, translocation and metabolism in a whole plant system and acetolactate synthase 
inhibition and the second paper explores in vitro characterization of cytochrome P-450. A 
general literature review precedes the first paper and a general summary follows the second 
paper. A literature cited section is included at the end of each paper and a general literature 
cited section for literature that was cited in the general introduction and literature review 
follows the general summary. 
3 
CEEAPTERl. LITERATURE REVIEW 
Sulfonylurea herbicides 
Sulfonylurea herbicides were first discovered in the early 1970's by E.I. Du Pont de 
Numours & Co. (Hay, 1990; Schloss, 1990). Sulfonylurea herbicides are environmentally 
desirable due to low use rate and low mammalian toxicity. Typical use rates for sulfonylurea 
herbicides are g per ha (Hay, 1990), much lower than the kg per ha typical of triazines or 
chloroacetamides. Typical sulfonylurea herbicide mammalian LDjo are greater than 5000 mg 
per kg of body weight with no chronic or tetrogenic effects (Beyer et al., 1988). 
Sulfonylurea herbicides consist of an aryl ring connected to a heterocyclic ring by a 
sulfonylurea bridge (Hay, 1990; Beyer et al., 1988). A generalized sulfonylurea herbicide 
structure is shown in Figure 1. 
A wide variety of R substitutes result in herbicidal activity, including fluorine, chlorine, 
bromine, methyl, fluoro methoxy, nitrile and fluoro methyl. The X and Y substitutes are 
typically methyl and methoxy, respectively (Hay, 1990). The aryl ring can be a 5 or 6 member 
carbon ring and can include nitrogen substitution within the ring (Hay, 1990). The 
heterocycle can be a pyrimidine or triazine ring and the triazine can be either symmetrical or 
asymmetrical (Hay, 1990). The sulfonylurea bridge can also be modified the with addition of 
methyl groups within the linear bridge or as a side chain of the bridge (Hay, 1990). The urea 
oxygen can also be replaced with a sulfiar and either the oxygen or the sulfiir can be alkylated 
(Hay, 1990). Maximum activity occurs when there is an ortho substitute on the aryl ring and 
a pyrimidin-2-yl or 1, 3, 5-triazin-2-yl group (Hay, 1990). These various substitutions lead to 
numerous molecules that have different herbicidal activity (Beyer et al., 1988; Hay, 1990). 
Differences in structure also leads to great differences in plant selectivity (Brown et al., 1990). 
Sulfonylurea herbicides are available for broadleaf weed control in soybeans (Glycine max L. 
Merr.) or com, grass weed control in com, and non-selective weed control in industrial sites 
and right-of-ways. 
Sulfonylurea herbicides are weak acids, with pK, of 3 to 5 (Hay, 1990). The ionic 
forms of sulfonylurea herbicides are much more water soluble than the non-ionic forms and 
the non-ionic forms are much more lipid soluble than the ionic forms. Solubility in water 
increases greatly as pH increases (Hay, 1990). Sulfonylurea herbicides are thought to be 'acid 
trapped' and transported in the phloem. Sulfonylurea herbicides in the cytoplasm (pH 
approximately 6.5) which are in non-ionic form, can very readily penetrate into the phloem 
(pH approximately 8.0), loose a proton due to the pH change and thus become ionic. This 
ionized form of the herbicide is not very lipid soluble (Beyer et al., 1988). This essentially 
S O . N H C O N H  
Figure 1. General structure of sulfonylurea herbicides. 
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'traps' the herbicide in the phloem where it translocates to the actively growing tissue by mass 
action of the phloem (Beyer et al, 1988). Sulfonylurea herbicides can also be absorbed by the 
roots and transported in the xylem (Beyer et al., 1988). 
Sulfonylurea mode of action 
Sulfonylurea herbicides were the first class of herbicides discovered that inhibit 
acetolactate synthase (ALS, EC 4.1.3.18, also known as acetohydroxyacid synthase), the first 
committed step in the synthesis of the branched-chain amino acids valine, leucine and 
isoleucine (Harms et al., 1990; Schloss, 1990). Acetolactate synthase catalyzes the 
condensation of two molecules of pyruvate or one molecule of pyruvate and one molecule of 
2-ketobutyrate to form acetolactate or acetohydroxybutyrate, respectively (Rathinasabapthi 
and King, 1991; Subramanian et a!., 1990). Sulfometuron methyl (2-[[[[(4,6-dimethyl-2-
pyrimidinyl)amino]carbonyl]amino]sulfonyl] benzoic acid) inhibits ALS by tightly but 
reversibly binding to the ubiquinone-40 binding site on the ALS II enzyme in Salmonella 
tvphimurium. thereby locking the enzyme in a non-catalytic state (Schloss 1990). 
Sulfonylurea herbicides are characterized as tight, slow binding inhibitors of ALS 
(Rathinasabapthi and King 1991). Sensitive plants are killed by nM concentrations of 
sulfonylurea herbicides (Harms et al. 1990). The imidazolinone, triazolopyrimidine 
sulfonanilde, and pyrimidyl-oxy-benzoate herbicide families also inhibit ALS (Subramanian et 
al. 1990). 
Sulfonylurea tolerance 
Tolerance to ALS-inhibiting herbicides has been demonstrated in several species (Saari 
et al., 1991; Sweester et al., 1982). Tolerance has been reported to occur via herbicide 
metabolism and ALS modification, however, tolerance is primarily due to metabolism. 
Sweester et al. (1982) demonstrated that wheat (Triticum aestivum L.) tolerant to 
chlorsulfliron (2-chloro-N-[[(4-methoxy-6methyl-l,3,5-triazin-2yl)amino]carbonyl] 
benzenesulonamide) metabolized 97% of the chlorsulfliron to a herbicidal inactive phenyl o-
glycosylated metabolite in 24 hours. Sugarbeet (Beta vulgaris L.), is a chlorsulfuron-sensitive 
species which metabolized only five percent of the chlorsulfliron in 24 hours (Sweester et 
al.,1982). Neighbors and Privalle (1990) demonstrated that the half-life for primisulfliron in 
bamyardgrass (Echinochola crus-ealii (L.) Beauv.), a tolerant species, was one to two hours. 
Further, in all tolerant species tested, primisulfuron half-life was less than 24 hours. 
Inbred corn lines were noted to have differential tolerance to primisulfuron (Harms et 
al., 1990). Tolerant inbred lines metabolized primisulfuron rapidly resulting in half-lives of 
approximately 3 hours. Conversely, primisulfuron half-life in sensitive lines was typically 
greater than 24 hours. Sebastian and Chaleff (1987) reported that a mutagenized soybean 
was chlorsulfliron tolerant due to metabolism. 
In the previously cited work, the ALS enzymes were sensitive to the ALS-inhibiting 
herbicides. Miki et al. (1990) reported that soybean (cv Maple Presto), alfalfa (Medicaeo 
sativa L. cv Rangelander), wheat (cv Katepwa), green foxtail (Setaria viridis L. Beauv.) and 
all Brassica sp tested contained chlorsulfuron-sensitive ALS. There are, however, examples 
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where the ALS enzyme is sulfonylurea-tolerant. In all instances where a tolerant ALS enzyme 
has been identified, intense selection pressure by the herbicide was used to select the tolerant 
ALS en27me. It is estimated that the sulfonylurea-tolerance trait is in the weed population at 
rate as frequent as 10"^ (Owen, 1992, personal communication). 
Saari et al. (1990) reported an ALS enzyme from kochia (Kochia scoparia (L.) 
Schrad.) that was 5 to 28 times more tolerant to chlorsulfuron than the wild type. This 
biotype was selected as the result of continuous chlorsulfuron use in wheat. Several scientists 
(Subramanian et al., 1990; Rathinasabapathi and King, 1991; Creason and Chelaff, 1988) have 
reported that a tolerant ALS enzyme can be selected in vitro by growing cells in a media 
containing an ALS-inhibiting herbicide. All sulfonylurea-tolerant ALS enzymes result from a 
single gene transformation from the wild type (Saari et al., 1990; Subramanian et al., 1990; 
Rathinasabapathi and King, 1991; Creason and Chelaff, 1988). The ALS enzyme is thought 
to have over 40 positions where a point mutation could result in tolerance to ALS inhibiting 
herbicides (Owen 1992, personal communication). Creason and ChaleflF(1988) reported a 
second mutation in a sulfonylurea-tolerant tobacco rNicotiana tobacum L.) ALS enzyme. 
This mutation resulted in a 20-fold increase in sulfonylurea tolerance compared to the parent 
plant. No sulfonylurea-tolerant plants have been reported to demonstrate both a tolerant ALS 
enzyme and enhanced herbicide metabolism. 
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Sulfonylurea metabolism 
Sulfonylurea metabolism is reported to be a two-step process involving ring 
hydroxylation followed by ring glycosylation at the site of hydroxylation (Fonne-Pfister and 
Kreuz, 1990; Neighbors and Privalle, 1990) (Figure 2). The ring hydroxylation is thought to 
be the limiting rate step in sulfonylurea metabolism (Harms et al., 1990). 
Strong evidence exists that cytochrome P-450 (EC 1.6.2.4) is the electron donor in the 
ring hydroxylation reaction. Herbicide metabolism is reduced when known cytochrome P-450 
or protein synthesis inhibitors are added to the reaction assays. Carbon monoxide, (Fonne-
Pfister et al., 1990; Fonne-Pfister and Kruez, 1990) tetcyclacis (Fonne-Pfister et al., 1990) and 
aniline (Harder et al., 1991) inhibit sulfonylurea ring hydroxylation. Further, metabolism of 
the sulfonylurea herbicides chlorsulfliron, sulfometuron methyl, chlorimuron ethyl (2-[[[[(4-
chloro-6-methoxy-2-pyrimidinyl]amino]carbonyl] amino]sulfonyl]benzoic acid) and R7402 
was inhibited in Streptomvces griseoulus that lacked the structural genes for cytochrome P-
450 and an associated ferredoxin gene (Harder et al., 1991). Fonne-Pfister and Kreuz (1990) 
demonstrated that primisulfuron metabolism was linearly correlated to cytochrome P-450 
amount and length of time the assay was performed. 
There is limited information concerning cytochrome P-450 substrate specificity. 
Substrate specificity is thought to be determined be the amino acid residues immediately 
adjacent to the active site where the substrate binds (Gotoh, 1992). Romesser and O'Keefe 
(1986) demonstrated that Streptomvces griseoulus had a greater affinity for DPX-F6205 (N-
[(4-chloro-6-methoxy-pyrimidine-2-yl)aminocarbonyl]-2-ethoxycarbonyl bensulfonamide) (K^ 
OCH 
CH3 
OCH. 
CH OH 
Glucose 
OCH 
SO,NHCNH 
CH OGlucose CI 
Figure 2. Proposed metabolic pathway of chlorosulfuron in wheat (Beyer et al., 
1988). 
= 64 nM) than sulfometuron methyl (K^ = 770 ^M). They suggested that DPX-F6205 was 
bound tighter than chlorsulfuron to the cytochrome P-450. 
Cytochrome P-450 
Cytochrome P-450 is a membrane bound, terminal electron acceptor (Donaldson and 
Luster, 1991) that can donate two electrons to a substrate. At least 4 cytochrome P-450 
isozymes exist in com (Frey et al., 1995), but the substrate specificity of each isozyme is 
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unknown. These isozymes are thought to have arisen from gene duplication (Frey et al, 
1995). Cytochrome P-450 is thought to participate in the synthesis of lignin phenolics, 
membrane sterols and terpenoids (Donaldson and Luster, 1991) and in general plant defensive 
mechanisms (White et al., 1992). Cytochrome P-450 is preferentially reduced by NADPH 
(Donaldson and Luster, 1991). However, there seems to be a stimulation of cytochrome P-
450 activity when small amounts of NADH are added with NADPH to the reaction mixture 
(Donaldson and Luster 1991). The typical reaction catalyzed by cytochrome P-450 is shown 
below (Donaldson and Luster, 1991): 
NADPH + H + O2 + R-H -> NADP" + H,0 + R-OH 
Cytochrome P-450 is an inducible enzyme. Romesser and O'Keefe (1986) 
demonstrated that Streptomvces griseolus hydroxylation of DPX-F6205 and chlorsulfiiron 
was increased 4- to 10-fold when the herbicide was included in the growth media. A crop 
safener, CGA 154291 (4-(dichloracetyl)-3,4-dihydro-3-methyl-2H-l,4-benzoxazine) was 
found to increase cytochrome P-450 amount and subsequent ring hydroxylation 2- and 15-
fold, respectively (Fonne-Pfister and Kreuz, 1990). Napthalic anhydride was shown to 
increasebentazon (3-(l-methylethyl)-(lH)-2-,l,3-benzothiadiazin-4(3H)-one 2,2 dioxide) 
hydroxylase activity 1.9- to 8- fold, but only increased cytochrome P-450 amount 2- fold in 
grain sorghum (Sorghum bicolor L.)(Haack and Balke, 1994). Thalacker et al. (1994) 
demonstrated that napthalic anhydride did not increase cytochrome P-450 content but did 
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increase triasulfliron (l-(2-chloroethoxyphenylsulonyl)-3-(6-methoxy-4-niethyl-l,3,5-tria2in-
2-yl)urea) hyroxylase 6.2 fold. Romesser and O'Keefe (1986) demonstrated that the addition 
of chloramphenicol, a known protein synthesis inhibitor, prior to herbicide application 
inhibited herbicide metabolism. This suggests that ^ novo protein synthesis is necessary for 
induction. It is not clear how napthalic anhydride increases cytochrome P-450 activity, but 
the increase in cytochrome P-450 content can not explain all of the experimental results. In 
mammals, cytochrome P-450 is regulated at the transcriptional level (Donaldson and Luster, 
1991). 
The following research explores mechanisms of selectivity for nicosulfuron and 
primisulfiiron in com, woolly cupgrass and shattercane. Herbicide metabolism has been 
studied at the whole plant level to determine selectivity between species but this work has not 
been done with cytochrome P-450 isolated from each species. No herbicide metabolism or 
ALS activity information exists for woolly cupgrass. This information will hopefully, allow 
the judicious use of nicosulfuron and primisulfuron for weeds control in com. 
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CHAPTER 2. NICOSULFRUON AND PRIMISULFURON SELECTIVITY IN CORN 
(Zea mays) AND TWO ANNUAL GRASSES 
A paper accepted for publication in Weed Science 
John R. R. Hinz AND Micheal D. K. Owen' 
Abstract. Research was conducted to elucidate niechanism(s) of nicosulfuron and 
primisulfuron selectivity in com, woolly cupgrass and shattercane. Com absorbed less than 
one half the nicosulfiiron and primisulfuron that woolly cupgrass and shattercane absorbed. 
Acetolactate synthase (ALS) isolated from three species responded similarly to nicosulfuron 
and primisulfuron. Values for 50% (Ijo) inhibition of ALS for nicosulfuron were 36.9, 37.2 
and 29.5 nM for com, woolly cupgrass and shattercane, respectively. Primisulfuron Ijo values 
were 13.8,11.5 and 10.0 nM for com, woolly cupgrass and shattercane, respectively. The 
shattercane I50 was statistically different than the com but not the woolly cupgrass IJQ. Com 
rapidly metabolized both nicosulfijron and primisulfuron, with a half-life of less than 4 h. 
Shattercane metabolized the herbicides more slowly, with a half-life of greater than 72 h for 
nicosulfiiron and 36 h for primisulfuron. Nicosulfuron and primisulfuron half-lives were 
greater than 72 h and less than 4 h in woolly cupgrass. Therefore, selectivity with 
*Grad. Res. Asst. and Prof, respectively. Agronomy Dept., Iowa State Univ., Ames, 
IA,50011-1010. 
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nicosulfliron and primisulfuron is likely based on herbicide metabolism to nonphytotoxic 
compounds. Com tolerance to nicosulfliron and primisulfuron was also attributed to reduced 
herbicide penetration and translocation below the treated leaf compared to woolly cupgrass 
and shattercane. 
Nomenclature; Nicosulfuron, 2-[[[[(4,6-dimethoxy-2-pyrimidinyl)amino]carbonyl] 
amino1sulfonvl1-N.N-dimethvl-3-pvridicarboxamide: primisulfuron, 2-[[[[[4,6-
bis(diflouromethoxy)-2-primydinyl]amino]carbonyI]amino] sulfonyljbenzoic acid; shattercane. 
Sorghum bicolor (L.) Moench. SORVU; woolly cupgrass, Eriochloa villosa (Thunb.) 
Kunth. # ERBVI; com, Zea mavs L. 'Pioneer 3467'. 
Additional index words. ERBVI, SORVU, ALS, sulfonylurea, selectivity, herbicide 
penetration, herbicide metabolism. 
INTRODUCTION 
Field observations indicate that woolly cupgrass (Eriochloa villosa (Thunb.) Kunth.) 
and shattercane (Sorghum bicolor (L.) Moench) can be controlled selectively in com with 
nicosulfliron (18). Shattercane can be controlled selectively in com with primisulfuron (17). 
However, primisulfuron does not effectively control woolly cupgrass. Mechanisms for the 
difference in observed selectivity in these weeds have not been investigated. 
^Letters following this symbol are WSSA-approved computer code from the Composite list of 
Weeds, Revised 1989. Available from WSSA, 1508 West University Ave., champaign, IL 
61821-3133. 
14 
Tolerance to acetolactate synthase (ALS)' inhibiting herbicides has been demonstrated 
in several plant species (3, S, 10, 13, 23) and is due to herbicide metabolism to nonphytotoxic 
compounds or modification of ALS, so that the compound no longer causes inhibition. Non-
selected tolerance to sulfonylurea herbicides is primarily by metabolism (2). Sweester et al. 
(24) demonstrated that the chlorsulfiiron (2-chloro-N-[[(4-methoxy-6-methyl-l,3,5-triazin-2-
yl)amino]carbonyl] benzenesulonamide) tolerant wheat (Triticum aestivum L.) metabolized 
97% of the chlorsulfiiron to a phenyl 0-glycosylated metabolite in 24h. This metabolite was 
found to have no herbicidal activity. Sugarbeet (Beta vulgaris L.), a chlorsulfiiron-sensitive 
species, metabolized only 5% of the chlorsulfiiron in 24h. Neighbors and Privalle (15) 
demonstrated that the half-life of primisulfiiron in bamyardgrass (Echinochloa crus-galli (L.) 
Beauv.), a tolerant species, was one to two hours. Furthermore, in all tolerant species tested, 
primisulfiiron half life was less than 24h. 
Inbred com lines were noted to have differential tolerance to primisulfiiron (12). 
Primisulfiiron was rapidly metabolized in tolerant lines with a half-life of approximately three 
hours. Conversely, primisulfiiron half-life in sensitive lines was typically greater than 24h, 
Sebastian and ChaleflF (21) reported that a mutagenized soybean (Glycine max (L.) Merr.) was 
chlorsulfiiron-tolerant due to metabolism. 
'Abreviations: ALS, acetolactate synthase (EC 4.1.3.18), PPFD, photon flux density, TPP, 
thiamine pyrophosphate, I50, concentration of herbicide required to inhibit enzyme activity 
50% relative to untreated controls, HAT, hours afier herbicide treatment, DPM, 
disintegrations per minute, HPLC, high performance liquid chromatrography. 
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In all of the previously cited work, the ALS enzyme was sensitive to the herbicide of 
interest. Miki et al. (14) reported that all 16 plants species they tested contained 
chlorsulfiiron-sensitive ALS. There are however, examples in which the ALS enzyme is 
sulfonylurea-resistant. In only one instance, was a naturally tolerant ALS enzyme not selected 
with intense herbicidal selection pressure. Carey et al. (4) showed that ALS from unselected 
eastern black nightshade (Solanum ptvchanthum Dun.) was sensitive to primisulfliron, but was 
much less sensitive to nicosulfliron. 
Sulfonylurea metabolism is reported to be a two-step process involving ring 
hydroxylation followed by ring glycosylation at the site of hydroxylation (8, 15). The ring 
hydroxylation is thought to be the limiting step in sulfonylurea metabolism (12). 
Strong evidence exists that cytochrome P-450 (EC 1.6.2.4) is the electron donor in the ring 
hydroxylation reaction. Fonne-Pfister and Kreuz (8) demonstrated that primisulfuron 
metabolism was linearly related to cytochrome P-450 amount and length of time the assay was 
performed. 
The objective of these studies was to identify mechanism(s) of nicosulfiiron and 
primisulfuron selectivity in com, woolly cupgrass and shattercane. Experiments evaluated 
ALS enzyme sensitivity to nicosulfiiron and primisulfuron for each species. Herbicide 
penetration, translocation and metabolism were also evaluated for each species. 
16 
MATERIALS AND METHODS 
ALS sensitivity. Com, woolly cupgrass and shattercane were grown in the greenhouse. 
Natural light was supplemented with high pressure sodium lights delivering 200 fimol m'^ s ' 
of PPFD^ at the canopy level and a 16 hour photoperiod. The 3rd com leaf, 4th woolly 
cupgrass leaf and Sth shattercane leaf was harvested when collars at the respective leaves 
became visible. Harvested leaves were placed on ice until the ALS was extracted. 
Harvested leaves were weighed and mixed with 3 ml of extraction buffer per g of 
tissue. The extraction buffer contained 1 mM sodium pyruvate, 0.5 mM magnesium chloride, 
0.5 mM thiamine pyrophosphate (TPP)^, 10 |jM FAD, 0.1 M potassium phosphate and 
glycerol (10% by vol)^. Leaves and extraction buffer were ground in a chilled blender. The 
resulting solution was filtered through eight layers of cheesecloth and centrifliged at 33,000 g 
for 20 min at 4 C. The resultant supernatant was 50% saturated with ammonium sulfate, 
covered with aluminum foil and refngerated for 70-75 min, and centrifliged at 12,000 ^  for 15 
min at 4 C. The supernatant was then discarded and the pellets stored at -10 C for one day. 
Pellets were resuspended in an elution buffer of 0.5 mM magnesium chloride, 0.1 M 
potassium phosphate and 20 mM pyruvate adjusted to pH 7.5. The buffer suspension was 
passed through a chromatography' column, previously conditioned with 20-25 ml of elution 
buffer, by adding excess buffer to the top of the column. Only dark green drops were 
^Simpson, 1993, personal communication. 
'Sephadex G-25, Pharmacia, Piscataway, NJ, 08855-1327. 
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collected. Light green and clear drops were discarded. 
The eluted ALS protein (100 ^1) was mixed with 100 jil of surfactant*' and water (3:7 
by vol) and 300 |il of reaction buffer containing 20 mM sodium pyruvate, 0.5 mM TPP, 0.5 
mM magnesium chloride, 10 |iM FAD and 20 mM potassium phosphate adjusted to pH 7.0 in 
culture tubes containing 0.01, 0.1, 1, 10 and 100 nM of nicosulfliron or primisulfliron. Tubes 
were placed in a 30 C water bath for 30 min. Fifty |il of 6 N sulfuric acid were added to each 
tube to stop the reaction and aid in the decarboxylation of acetolactate to acetoin. Solutions 
were incubated for 15 min at 60 C in a water bath. Creatine (0.5% by vrt) and naphthol (5% 
by wt) were added to 1.25 N sodium hydroxide in the dark. One ml of this solution was 
added to each tube. Solutions were then incubated in the dark at 60 C for 15 min. Tubes 
were vortexed at 5 min intervals to assure good oxygen distribution. Absorbance of the 
resultant solution was measured spectrophotometrically at 525 nm. A blank was obtained by 
adding 50 |li1 of 6 N sulfuric acid to the assay mixture prior to placing solutions in the water 
bath. Data were calculated as a percentage of the control. Data was plotted as log herbicide 
concentration verses percent inhibition of the ALS enzyme. Polynomial regression curves and 
Ijo values were calculated with 95% confidence intervals. Experiments contained four 
replications and were conducted twice. 
Herbicide penetration and translocation. Com, woolly cupgrass and shattercane were 
grown in the growth chamber' in a potting soil mixture. Plants were fertilized weekly with a 
®Tween 20, Sigma Chemical Company, St. Louis, MO., 63178. 
'Conviron Products of America, 167 Weaverville Highway, Ashville, NC 28804. 
0.7, 0.25 and 0.71 g of N, P and K per pot, respectively. Pots were watered when the soil 
surface appeared dry. All pots were sown with excess seed and thinned to one plant per pot 
seven days after planting. Radiation was maintained at 450 fimol m'^ s"' of PPFD* at the 
canopy level with a 16-hour photoperiod. Day and night temperatures were 30 C and 20 C, 
respectively and day and night relative humidities were maintained at 65% and 85%. Plants 
were sprayed with 18 and 20 g ha"' nicosulfiiron and primisulfuron, respectively, and COC* 
(1% by vol.) and allowed to dry for 30 min. Five 2-iil droplets of "C-herbicide plus 18 and 
20 g ha"' of commercially-formulated nicosulfiiron and primisulfuron, respectively, and COC^ 
(1% by vol) were applied to the 3rd com leaf, 4th woolly cupgrass leaf and 5th shattercane 
leaf. Each lO-jil application contained approximately 100,000 DPM* of 2-pyrin«dine-"C-
labeled nicosulfiiron (2.33 kBq g"')and uniformly phenyl-ring and 2-pyrmidine labeled 
primisulfuron (1.94 kBq g"'). No radiolabelled herbicide was applied to leaf veins. 
Treated plants were harvested 4, 24, 48 and 72 hours af^er herbicide treatment 
(HAT)*. Leaves were removed from the plant at the collar. Plants were sectioned into tissue 
fi-om the treated leaf, from above the treated leaf collar and from below the treated leaf collar 
but above the soil surface. Herbicide was removed from the leaf surface and the leaf wax by 
dipping the treated leaf for 15 seconds in a beaker containing 10 ml of chloroform. 
Preliminary research (data not reported) indicated that this treatment removed all of the 
epicuticular leaf wax. Beakers were rinsed twice with 2 ml of chloroform and the chloroform 
was poured into scintillation vials. Chloroform was evaporated by heating in a 65 C water 
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bath, and then 12 ml of scintillation cocktail' was added to each vial. Treated leaves, tissue 
above the treated leaf collar and tissue below the treated leaf collar were then rolled in ashless 
fiher paper and dried at 85 C for 48 hours. Dried plant tissue sections were then stored at -10 
C and redried at 85 C for 12 to 24 hours to facilitate grinding. Plant tissue sections were 
weighed and ground with a Wiley* mill to pass a 1 mm screen. 
A 200 mg plant tissue sample was oxidized with a sample oxidizer'" and the resultant 
CO2 captured in 15 ml of carbon absorbent/scintillation cocktail. Preliminary research (data 
not reported) indicated that oxidation efficiency decreased significantly when more than 200 
mg of tissue was burned. Woolly cupgrass tissue sections were not ground because all plant 
tissue sections weighed less than 200 mg. When plant tissue sections were larger than 200 
mg, the herbicide quantity recovered from oxidation was calculated based on the percentage 
of plant tissue oxidized. All scintillation vials were measured for radioactivity with a liquid 
scintillation spectrophotometer". Experiments contained four replications and were 
conducted twice. All data was subjected to analysis of variance and where 
appropriate, means were separated by Fisher's protected LSD (P=0.05). Herbicide 
penetration was defined as all the herbicide that penetrated through the leaf wax, and was 
calculated by summing all radioactivity recovered from all sections except the chloroform 
*Ready Safe. Beckman Instruments Inc., Fullerton, CA 92634-3100. 
'Arthur Thomas Company, Philadelphia, PA, 08085. 
'"Model ox500, R.J. Harvey Instrument Corp., 123 Patterson St., Hillsdale, NJ. 07642. 
"Model 3801. Beckman, Fullerton, CA, 92634-3100. 
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wash divided by the summation of all radioactivity recovered. Herbicide translocation was 
calculated by di\dding the radioactivity translocated above and below the treated leaf by 
herbicide penetration. 
Herbicide metabolism. Methods to evaluate herbicide metabolism are similar to those used 
by Simpson et al. (22). Herbicide application methods were similar to the herbicide 
penetration and translocation methods except that 200,000 DPM of radiolabled herbicide was 
applied. Treated leaves were harvested and washed with chloroform as described previously. 
Leaves were then rolled and placed in a 2 ml screw-top microflige vial and placed in liquid 
nitrogen to halt herbicide metabolism. Vials were stored at -10 C and leaves were lyophilized 
for 7 days and returned to the freezer. Leaves then were ground by placing 400 mg of 0.1 
mm glass beads and one 0.45 cm steel ball in each tube and vigorously shaking with a mini-
bead beater'^. Herbicide was extracted by adding 1 ml of acetone and water (8;2 by vol) to 
the vials and shaking for 50 seconds. Vials were placed on ice for one hour and reshaken. 
Glass beads and particulate matter were sedimented by centrifligation at 13,000 rpm for five 
min. A 600 )al aliquot was removed and dried at 39 C under nitrogen. One ml of acetone 
and water (8:2 by vol) was added to each vial, shaken, placed on ice for one h and 
centrifliged. A one ml aliquot was removed from each vial, combined with the first aliquot 
and dried. One ml of an acetonitrile and water mixture was added to each nicosulfuron (2:8 
by vol) and primisulfiiron (8:2 by vol) sample. Samples were then frozen to coagulate 
suspended chlorophyll. Thawed samples were centrifiiged at 13,000 rpm for one min and 
'^odel 3110. Biospec Products, Bartelsville, OK 74005. 
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subjected to high performance liquid chromatography" (HPLC)* with a flow-through 
radioactive detector" to separate the parent herbicide from metabolites. The percent of "C in 
the peak corresponding to the parent compounds was calculated for each sampling time. 
Chromatography programs are those used by Obrigowitch et al. (16) for nicosulfuron and 
Neighbors and Privalle (15) for primisulfiiron. Experiments contained four replications and 
were conducted twice. The percent of total "C in the peak corresponding to the parent 
compound was plotted vs. time after herbicide treatment and a simple linear regression fit to 
these data. 
The time required for the regression line to reach 50% was regarded as the half-life of 
the herbicide. This technique was only required for primisulfiiron half-life in shattercane as 
50% parent compound was never seen in com for either herbicide or in woolly cupgrass for 
primisulfiiron. Likewise, greater than 50% parent compound was always observed in 
nicosulfuron-treated woolly cupgrass and shattercane. For these cases, half-life was 
considered to be greater than 72h. 
RESULTS AND DISCUSSION 
ALS sensitivity. The slopes of regression curves for ALS inhibition were the same for each 
species for nicosulfuron and primisulfiiron (data not shown). Com, woolly cupgrass and 
"Waters, 20 Liberty Way, Franklin, MA 02038. 
"Model 500. Packard, Downers Grove, IL 60515. 
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shattercane ALS all responded the same to nicosulfliron and primisulfuron. There are slight 
IJO values differences for the ALS enzyme between species when compared within herbicides 
(Table 1). However, this difference is likely due to variablity in the assay and not to 
differences of the ALS enzyme. Additionally, these Ijo value differences did not correlate with 
whole plant response to these herbicides. Com is tolerant to nicosulfliron and woolly 
cupgrass and shattercane are sensitive, but they all have similar Ijo values. Futhermore, woolly 
cupgrass and shattercane had similar primisulfuron I50 values, but shattercane is sensitive to 
primisulfuron and woolly cupgrass is tolerant. 
Table 1. Calculated ALS Ijo' values for com, woolly cupgrass and shattercane as affected by 
nicosulfliron and primisulfuron. 
La 
Nicosulfliron Primisulfuron 
—(nM)— 
Com 36.9(32.9-40.8) 13.8(12.3-15.2) 
Woolly cupgrass 37.6 (31.9-43.2) 11.5 (9.8-13.2) 
Shattercane 29.S (26.6-32.5) 10.0(9.0-10.9) 
*Ijo is the herbicide concentration that inhibits enzyme activity 50%. The 95% confidence 
interval is in parentheses. 
Primisulfliron was almost three times more potent than nicosulfuron at the ALS 
enzyme level (Table 1). Unlike the results reported by Carey et al. (4), differential ALS 
sensitivity was not the cause for selectivity. If differential ALS sensitivity had been the reason 
for selectivity, the woolly cupgrass IJQ value for primisulfliron would be much higher than the 
Ijo value for nicosulfuron. Furthermore, the com Ijo value should be much higher than the 
woolly cupgrass or shattercane value. Several authors (6,14,19,20, 23) have found that 
there is little difference in ALS sensitivity between species. Therefore, differential ALS 
sensitivity is not the mechanism for selectivity of nicosulfuron and primisulfiiron in com, 
woolly cupgrass and shattercane. 
Herbicide penetration and translocation. Herbicide penetration increased linearly with time 
in all species (Figure 1). Nicosulfuron and primisulfliron penetration into com was similar. 
Maximum penetration was 21 and 22% for nicosulfuron and primisulfliron, respectively, at 72 
HAT*. Herbicide penetration was greater in woolly cupgrass and shattercane than in com. 
For woolly cupgrass, 46 and 62% of nicosulfuron and primisulfliron, respectively, had 
penetrated at 72 HAT. The amount and pattem of herbicide penetration into shattercane was 
similar to woolly cupgrass. Maximum penetration of nicosulfuron and primisulfliron was 44% 
at 48 HAT and 61% at 72 HAT, respectively. Herbicide penetration into com was 
approjumately one-half to one-third the amount that penetrated into woolly cupgrass and 
shattercane. This may afford some selectivity in com as compared with woolly cupgrass and 
shattercane. However, penetration was not likely the main mechanism of selectivity. 
Figure 1. Nicosulfuron and primisulfliron penetration over time into com (A), woolly 
cupgrass (B) and shattercane (C). Regression equations for herbicide penetration into com 
over time are y = 0.14x + 12.5, = 0.88 and y = 0.12x + 12.7, R^ = 0.93 for nicosulfuron 
and primisulfiiron. LSDQOS for differences between herbicides is 2.2. Regression equations 
for herbicide penetration into woolly cupgrass over time are y = 0.38x + 38.1 ,R^ = 0.86 and y 
= 0.41x + 18.0, R^ = 0.97 for nicosulfuron and primisulfliron. LSDQ O, for differences between 
herbicides is 3.2. Regression equations for herbicide penetration into shattercane over time 
are y = 0.35x + 38.1, R^ = 0.78 and y = 0.22x + 22,8, R^ = 0.37 for nicosulfuron and 
primisulfliron. LSDo.oj for differences between herbicides is 5.9. 
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Similar amounts of primisulfuron penetrated into both woolly cupgrass and shattercane; 
however, only shattercane was sensitive to primisulfuron. Furthermore, more primisulfuron 
penetrated into woolly cupgrass than nicosulfuron. If herbicide penetration was the 
mechanism for selectivity, more nicosulfuron than primisulfuron would be expected to 
penetrate into the woolly cupgrass. 
A significant herbicide by species interaction was detected in the percent of herbicide 
translocated above the treated leaf Nicosulfuron and primisulfuron translocation above the 
treated leaf was similar in com and woolly cupgrass; however, more nicosulfuron was 
translocated above the treated leaf in shattercane (Table 2). Greater translocation above the 
treated leaf may account for greater herbicidal control, because ALS is most active in 
developing tissue (11). However, this trend was only observed in shattercane and both 
nicosulfuron and primisulfuron effectively control shattercane. Therefore, herbicide 
translocation above the treated leaf is not likely the main mechanism of selectivity. Com 
translocated less herbicide below the treated leaf than woolly cupgrass and shattercane. Com 
translocated 3.3 and 3.9% of the nicosulfuron and primisulfuron, respectively, below the 
treated leaf (Table 2). Woolly cupgrass and shattercane translocated 11.2% and 11.8% of the 
nicosulfuron and 11.6% and 10.2% of the primisulfuron below the treated leaf 
A significant herbicide by species interaction was detected for the herbicide retained in 
the treated leaf More herbicide remained in the treated com leaf than the treated woolly 
cupgrass and shattercane leaves (Table 2). Com retained 93 .6% and 92.4% of the 
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Table 2. Nicosulfuron and primisulfuron distribution* in com, woolly cupgrass and 
shattercane averaged over time. 
Nicosulfuron Primisulfuron 
Com 
Woolly cupgrass 
Shattercane 
-% of recovered 
Translocated above the treated leaf 
3.1(1.1) 3.7(1.0) 
2.2(1.0) 1.5(1.0) 
5.6(3.5) 2.1(0.8) 
Translocated below the treated leaf 
Com 
Woolly cupgrass 
Shattercane 
LSD, 
3.3 
11.2 
11.8 
3.9 
11.6 
10.2 
0.0S 
0.9 
Retained in the treated leaf 
Com 
Woolly cupgrass 
Shattercane 
93.4 (2.3) 
86.5 (5.9) 
82.7 (8.5) 
92.4 (2.5) 
86.9 (4.6) 
87.7 (4.4) 
"Percent of radioactivity in respective plant sections as a percentage of radioactivity 
recovered. Standard deviations of the means is in parentheses. LSD is the least significant 
difference at 0.05 between species. 
nicosulfiiron and primisulfuron in the treated leaf when averaged over time. Woolly cupgrass 
and shattercane retained 86.5% and 82.7% of the nicosulfiiron and 86.9% and 87.7% of the 
primisulfuron in the treated leaf when averaged over time. These values for retention in the 
treated leaf of com are similar to those reported by Fraizer et al.(9). Retention in the treated 
leaf may reflect the speed of herbicide metabolism in each species (7). The glycosylated 
herbicide metabolite would be trapped in the cell and not be expected to be in the vascular 
tissue" and, therefore, could not be translocated to other plant parts. Some selectivity may be 
afforded to com based on differential translocation. The treated leaf, which was an expanding 
leaf, should have high photosynthetic capacity and would be expected to have a readily 
available supply of reducing potential to metabolize the herbicide which other plant portions 
may not have. 
Herbicide metabolism. Herbicide half-life was less than 4h in tolerant species, and 36h or 
greater in susceptible species (Table 3). Woolly cupgrass and shattercane were not able to 
metabolize 50% of the nicosulfiiron in 72h. Several authors (2, 12, 21) have reported that 
rapid metabolism was a method of tolerance to sulfonylurea herbicides. In general, plants are 
tolerant to sulfonylurea herbicides if they can metabolize 50% of the herbicide within 5h (1, 
5). Com metabolized nicosulfiiron and primisulfuron and woolly cupgrass metabolized 
primisulfuron within 5h. Therefore, we hypothesize that nicosulfiiron and primisulfuron 
metabolism was the main mechanism of selectivity in com, woolly cupgrass and shattercane. 
Rapid herbicide metabolism was the key mechanism for the selectivity of nicosulfiiron 
"S. Strachen, DuPont Agricultural Products, 1994, Personal communication. 
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Table 3. Nicosulfiiron and primisuliliron half-life' in com, woolly cupgrass and shattercane. 
Half-life 
Nicosulfiiron Primisulfuron 
(h) 
com 
woolly cupgrass 
shattercane 
<4 <4 
>72 <4 
>72 36 
'Time required to metabolize 50% of herbicide. 
and primisulfuron in com, woolly cupgrass and shattercane. Improving primisulfuron 
penetration into woolly cupgrass will likely have little eflfect on efficacy, while hindering 
primisulfuron metabolism in woolly cupgrass would likely improve efficacy. However, 
inhibiting primisulfuron metabolism may also reduce selectivity in com and result in crop 
phytotoxicity. 
The authors thank Ciba Crop Protection and E.I. DuPont de Nemours Corp. for providing 
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CHAPTER 3. NICOSULFURON, PRIMISULFURON AND BENTAZON 
HYDROXYLATION BY CORN (Zea mavs). WOOLLY CUPGRASS fEriochloa 
villosa^ AND SHATTERCANE fSorghum bicolor^ CYTOCHROME P-450 
A paper to be submitted for publication in Weed Science 
John R.R. Hinz, Micheal D.K. Owen and Michael Barrett' 
Abstract. Research was initiated to determine if in vitro nicosulfuron and primisulfliron 
metabolism correlated with whole plant response and whole plant metabolism studies in com, 
woolly cupgrass and shattercane. Microsomes with catalytic activity for bentazon hydroxylase 
were isolated from all three species. Com was able to hydroxylate both nicosulfuron and 
primisulfiiron. Woolly cupgrass was able to hydroxylate primisulfiiron but not nicosulfuron. 
Shattercane was unable to hydroxylate either nicosulfuron or primisulfiiron. These resuhs 
correlate with observed whole plant response and whole plant metabolism studies. Napthalic 
anhydride was required for detectable nicosulfliron, primisulfiiron and bentazon hydroxylase 
activity in com and for bentazon hydroxylase activity in woolly cupgrass. Hydroxylase 
activity was low, but detectable in shattercane shoots without napthalic anhydride. Napthalic 
anhydrdide increased cytochrome P-450 amounts 1.5-fold in com and woolly cupgrass and 
'Grad. Res. Asst. and Prof, Agronomy Dept., Iowa State Univ., Ames, lA, 50011-1010 and 
Assoc. Prof, Univ. of Kentucky, Lexington, KY 405646-0091. 
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3.9-fold in shattercane over non-napthalic anhydride treated plants. 
Nomenclature: Nicosulfiiron, (2-[[[[(4,6-dimethoxy-2-pyrimidinyl)amino] 
carbonyl]amino]sulfonyl]-N,N-diniethyl-3-pyridicarboxamide); primisulfuron, (2-[[[[[4,6-
bis(diflouroniethoxy)-2-primydinyl]amino]carbonyl]aniino] sulfonyljbenzoic acid); bentazon 
(3-(l-methylethyl)-(lH)-2-,l,3-benzothiadiazin-4(3H)-one 2,2 dioxide); 
woolly cupgrass, Eriochloa villosa Thunb. Kunth. ERBVI; shattercane. Sorghum bicolor L. 
Moench # SORVU; com, Zea mays L. cv. 'Pioneer 3467'. 
Additional index words. ERBVI, SORVU, sulfonylurea, selectivity, herbicide metabolism, 
cytochrome P-450. 
INTRODUCTION 
Sulfonylurea selectivity in plants is based on the metabolism of the herbicide and is 
typically a two step process of ring hydroxylation followed by glycosylation at the site of 
hydroxylation (3, 21). Plants which rapidly metabolize sulfonylureas are tolerant to these 
herbicides (3, 21). Conversely, plants which slowly or do not metabolize these herbicides are 
sensitive (3, 21). The rate limiting step in metabolism of these herbicides appears to be 
hydroxylation (12). Nicosulfiiron and primisulfuron are hydroxylated by cytochrome P-450 in 
com (17). Inhibition of nicosulfiiron hydroxylation by terbufos (S-[[ 1,1 -dimthylethyl)thio] 
methyl]0,0-diethyl phophorodithioate) has been shown to increase com injury (7). Kreuz 
^Letters following this symbol are WSSA-approved computer code from the Composite list of 
Weeds, Revised 1989. Available from WSSA, 1508 West University Ave., champaign, EL 
61821-3133. 
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and Fonne-Pfister (15) reported similar results with primisulfliron and malathion (S-1,2-
bis[ethoxycarbonyl]-ethyl-0,0-dimethylphosphorodithioate) (14). 
Hinz and Owen (13) demonstrated that nicosulHiron and primisulfliron whole plant 
selectivity in com, woolly cupgrass and shattercane is based on metabolism. Com was able 
to rapidly metabolize both nicosulfuron and primisulfliron. Shattercane was unable to rapidly 
metabolize either nicosulfuron or primisulfliron and woolly cupgrass was able to rapidly 
metabolize primisulfliron but unable to rapidly metabolize nicosulfuron. These metabolism 
results correlated with observed whole plant responses to nicosulfuron and primisulfliron. 
Burton et al. (6) demonstrated that sweet com (Zea mavs L. Convar. Saccharata Koem.) 
hybrids which rapidly hydroxylated nicosulfuron and primisulfliron were tolerant to 
nicosulfuron and primisulfliron. Those hybrids in which cytochrome P-450 was unable to 
rapidly hydroxylate nicosulfuron and primisulfliron were injured by nicosulfuron and 
primisulfliron. Cytochrome P-450 from primisulfuron-sensitive shattercane was unable to 
hydroxylate primisulfliron (16). 
Little is known about cytochrome P-450 substrate specificity in plants. There are at 
least four cytochrome P-450 isozymes in com (9). However, the substrate specificity for 
these cytochrome P-450 isozymes is unknown. Gotoh (10) demonstrated that cytochrome P-
450 substrate specificity was based on the amino acid sequence immediately around the 
substrate binding site. 
The objectives of this study were; to extract and assay cytochrome P-450 from com, 
woolly cupgrass and shattercane, determine if nicosulfiiron and primisulfliron bind to the same 
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active site, and determine if in vivo nicosulfliron and primisulfiiron metabolism correlated to in 
vitro metabolism. 
MATERIALS AND METHODS 
Cytochrome P-450 isolation. Com and shattercane seeds were treated with 5 g kg"' 
napthalic anhydride (NA)' and grown for 3.5 to 4 d in the dark at 30 C in paper towels. 
Preliminary experiments demonstrated that woolly cupgrass would not grow well in paper 
towels, so woolly cupgrass was grown with 5 g kg"' NA in vermiculite. Shoots were excised 
and placed in ice cold 0.1 M Na PO4 buffer containing 250 mM sucrose and 1 mM EDTA at 
pH 7.3 to 7.4. The buffer and shoots were transferred to a buchner fiinnel and the shoots 
washed with 20 to 30 ml of buffer. Shoots were cut into 1 cm segments and macerated in ice 
cold 0.1 M Na PO4 buffer containing 250 mM sucrose, 1 mM EDTA, 40 mM ascorbate and 
25 mM P-mercaptoethanoI (pH 7.3 to 7.4). The resultant solution was filtered through 8 
layers of cheese cloth and centrifiiged at 13,000 g for 20 min at 4 C. The supernatant was 
centrifliged at 100,000 g for one h at 4 C, the pellet resuspended in 0,1 M Na pyrophosphate 
buffer containing 1 mM EDTA and 10 mM P-mercaptoethanol (pH 7.5) and homogenized 
with a glass homogenizer. This solution was centrifliged at 100,000 g for one h at 4 C, the 
pellet homogenized in 10 mM Na PO4, 30% glycerol, 100 jaM EDTA and 1.5mM P-
Abbreviations: NA, napthalic anhydride; BSA, bovine serum albumin; DPM, disintegrations 
per minute; HPLC, high pressure liquid chromatography; ABT, aminobenzotriazole; PBO, 
piperonyl butoxide; DMSO, dimethyl sulfoxide. 
mercaptoethanol (pH 7.5) and stored at -80 C. Protein concentration of the resultant solution 
was measured using the Bradford method (1) with bovine serum albumin (BSA/ as a 
standard. 
Cytochrome P-450 assay. All assays were done in a total volume of 200 |il and contained 
0.1 M Na PO4 buffer (pH 7.5), microsomal protein (1 mg ml"' of assay solution), globulin-free 
BSA (4 mg ml"'), 0.75 M NADPH and 100 |iM nicosulfiiron, primisulfliron or bentazon. 
Substrate was not limiting in any assay. The '*C-labeled herbicides contained approximately 
100,000 disintegrations per min (DPM)"* of 2-pyrimidine-'''C-labeled nicosulfiiron (2.33 kBq 
g"'), uniformly phenyl-ring and 2-pyrmidine labeled primisulfiiron (1.94 kBq g"') and uniformly 
phenyl ring labeled bentazon (1.62 kfiq g"') "C-radioIabeled herbicide. For woolly cupgrass, 
200,000 DPM of nicosulfiiron and primisulfiiron were used due to low hydroxylase activity. 
A treatment without NADPH was included as a negative check. Solutions were incubated at 
30 C for 30 min and reactions were terminated by adding 25 |al of acetic acid to the solutions. 
Herbicides were removed from the assay solution by adding 625 nl of 1% acetonitrile to the 
reaction solution. The solution was centrifiiged at 13,000 g for 1 min to pelletize the protein 
and 810 |il of herbicide solution (supernatant) was removed and frozen. Solutions were 
thawed and analyzed by high pressure liquid chromatography (HPLC)^. Metabolites were 
separated from parent compound by reverse-phase HPLC utilizing a 150 mm C,8 column. 
Radioactive peaks were detected and quantified by a flow-through radioactive detector'*. 
Chromatography programs were those of Obrigawitch et al. (19) and Neighbors and Privalle 
*Model 500. Packard, Downers Grove, IL 65015. 
(18) for nicosulfuron and primisulfuron. The chromatography program for bentazon was 
isocratic acetonitrile and water (2:8 by vol) for 20 min. All HPLC solvents were acidified 
with 1 ml r' phosphoric acid and filtered through a 0.45 nm filter. All experiments contained 
2 replications and were conducted 4 times. Means and standard deviations were calculated 
for each herbicide in each species. 
Nicosulfiiron was hydroxylated on the pyrimidinyl ring (4), primisulfuron on either the 
phenyl or pyrimidinyl ring (15) and bentazon at the 6 position in grasses (11). Unless 
otherwise stated, all data were expressed as a total summation of hydroxylation. The percent 
herbicide hydroxylation was multiplied by 33.3 to convert all data to pM mg"' protein min'. 
Inhibitor experiments. Cytochrome P-450 was isolated as described previously. 
Nicosulfuron, primisulfuron and bentazon were assayed to determine if they competed for the 
same binding site on cytochrome P-450. Twenty |J.M of the herbicide being assayed and 100 
loM of the inhibitor were added to each assay. Substrate was not limiting in any assay. The 
percent herbicide hydroxylation was multiplied by 6.67 to convert all data to pM mg"' protein 
min'V All other assay conditions were as described previously. 
Cytochrome P-450 was isolated as described previously. Cytochrome P-450 was 
incubated with 100 jiM aminobenzotriazole (ABT)^, piperonyl butoxide (5-(4-chlorophenyI)-
3,4,5,9,10-pentanzatetraoxyclo[5,9,10,0]dodeca-3,9-diene) (PBO)^ and tetcyclasis (4,5-
methylenedioxy-2-propylbenzyldiethleneglycol butyl ester), known P-450 inhibitors (17). All 
inhibitors were dissolved in dimethyl sulfoxide (DMSO)^ and added to the assay solution 
(1:100 by vol). A DMSO treatment without any inhibitor was included as a control. 
Herbicide was extracted and analyzed by HPLC as described previously. Experiments 
contained three replications and were conducted twice. Means and standard deviations were 
calculated for each herbicide hydroxylated by each species. 
Napthalic anhydride requirement. Com, woolly cupgrass and shattercane were grown as 
previously described with and without NA to determine the basal level of hydroxylation in 
each species. Cytochrome P-450 was isolated from each species and assayed for hydroxylase 
activity as described previously. Hydroxylase activity assays were conducted for nicosulfiiron, 
primisulfliron and bentazon in com and for bentazon in woolly cupgrass and shattercane. 
Experiments contained three replications and were conducted twice. Means and standard 
deviations were calculated for each herbicide and each species. 
Cytochrome P-450 quantification. Cytochrome P-450 amounts were determined by 
differential spectroscopy®. One ml of a one mg ml"' microsomal protein solution was scanned 
from 500 to 400 nm. A small amount of sodium hydrosulfite was added to the sample cuvette 
and the sample rescanned to determine the cytochrome Bj amount. Cytochrome Bj was 
determined by calculating the absorption differences at 424 and 410 nm and dividing by an 
extinction coefficient of 185 mM cm"' (20). Both samples were combined and reduced with 
sodium hydrosulfite. The solution was divided between the two cuvettes and scanned. 
Carbon monoxide was bubbled through the reference sample and rescanned. Cytochrome P-
450 amount was determined by measuring the absorbance peak at 450 and dividing by an 
extinction coefficient of 91 mM cm"' (20). This experiment was not repeated. 
^Model lambda 18, Perkin-Elmer Corp., Norwalk, CT. 06859-0012. 
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RESULTS AND DISCUSSION 
Com, woolly cupgrass and shattercane were all able to hydroxylate bentazon, 
indicating that all isolated microsomes were catalytically active (Table 1). There was, 
however, a large range in the ability of each species to hydroxylate bentazon. Shattercane 
hydroxylated 4.5 and 7.7 times more bentazon than com or woolly cupgrass, respectively. 
Haack and Balke (11) and Burton and Maness (5) reported high levels of bentazon 
hydroxylation by grain sorghum f Sorghum bicolor L. Moench) and shattercane, respectively. 
Even though there was a large difference in bentazon hydroxylation, all three species are 
tolerant to bentazon. Thus, the speed of bentazon hydroxylation was not critical for 
selectivity. 
There was a clear NADPH requirement for nicosulfuron, primisulfuron and bentazon 
hydroxylation in com (Table 1). Woolly cupgrass also required NADPH to hydroxylate 
bentazon and primisulfuron and shattercane required NADPH to hydroxylate bentazon (Table 
1). Very little hydroxylation was detected without NADPH. Only 3 pM mg"' protein min"' 
primisulfijron was hydroxylated without NADPH in corn. However, with NADPH, 52 pM 
mg"' protein min' was detected in com. No nicosulfuron or bentazon hydroxylation was 
detected in com without NADPH. However, with NADPH, 120 and 292 pM mg"' protein 
min"' of nicosulfuron and bentazon were hydroxylated. The requirement for NADPH in the 
microsome hydroxylation reaction has been reported by several authors (16, 
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Table 1. Nicosulfuron, primisulfliron and bentazon hydroxylation in com, woolly cupgrass 
and shattercane. 
Total Hydroxylation 
Species Nicosulfuron Primisulfiiron Bentazon 
Com 
Woolly cupgrass 
Shattercane 
+NADPH -NADPH 
120(27)' 0(0) 
1 (2) 1 (1) 
0(0) 0(0) 
+NADPH -NADPH 
-pM mg"' protein min"'— 
52(21) 3(4) 
19(10) 4(6) 
4(9) 5(6) 
+NADPH -NADPH 
292 (35) 0 (0) 
173(31) 0(0) 
1411(112) 0(0) 
* Numbers in parenthesis represent standard deviations of the mean. 
17). NADPH is thought to provide the reducing power to cytochrome P-450 which activates 
the molecular oxygen that hydroxylates each herbicide (8). 
Com was able to hydroxylate nicosulfuron, primisulfliron and bentazon (Table 1). 
Cora is tolerant to these herbicides and each is registered for commercial use in com. 
However, com was able to hydroxylate almost three times more nicosulfuron than 
primisulfuron. Greenhouse observations suggest that com was more tolerant to nicosulfuron 
than primisulfuron (data not shown). The speed that corn hydroxylated these herbicides may 
affect selectivity (3). Com hydroxylated more bentazon than nicosulfuron or primisulfuron. 
Importantly, com has a higher tolerance to bentazon than nicosulfuron or primisulfuron (14). 
This differential tolerance may be explained, in part, by more rapid hydroxylation of bentazon 
compared to nicosulfuron and primisulfuron. 
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Woolly cupgrass hydroxylated bentazon and primisulfliron, but not nicosuliliron 
(Table 1). Hinz and Owen (13) reported in whole plants herbicide half-lives of less than four 
h for primisulfiiron, but greater than 72 h for nicosulfuron in woolly cupgrass. Woolly 
cupgrass was sensitive to nicosulfuron but not to primisulfliron. The data reported herein 
would confirm that woolly cupgrass was unable to hydroxylate nicosulfiiron and this inablity 
causes woolly cupgrass to be nicosulfuron sensitive. Woolly cupgrass, however was able to 
hydroxylate primisulfliron and no lethal effects to woolly cupgrass were observed. 
Woolly cupgrass had the lowest activity of the species tested for bentazon 
hydroxylation and very low primisulfliron hydroxylase activity. This may indicate that woolly 
cupgrass cytochrome P-450 was not as efficient as the other species or that extraction and 
assay procedures were not optimized to detect woolly cupgrass cytochrome P-450 activity. 
The extraction and assay procedures used were developed for com and woolly cupgrass 
cytochrome P-450 has not been isolated previously. No other information exists about woolly 
cupgrass cytochrome P-450 activity or substrate specificity. 
Shattercane hydroxylated bentazon more efficiently than the other species tested 
(Table 1). However, shattercane was unable to hydroxylate either nicosulfuron or 
primisulfuron. These data concur with other reports (16). Shattercane was sensitive to both 
nicosulfuron and primisulfliron at very low rates in the greenhouse (data not shown). Thus, 
shattercane sensitivity to nicosulfuron and primisulfuron was cleariy due to an inability to 
metabolize these herbicides. 
There are at least two P-450 genes responsible for bentazon metabolism (2). It is 
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suggested that one of the cytochrome P-450 genes may be responsible for nicosulfiiron 
metabolism. Bentazon hydroxylation is conducted by a 'generalist' cytochrome P-450 while 
nicosulfiiron may be hydroxylated by a specific cytochrome P-450®. This research 
demonstrates that bentazon cytochrome P-450 hydroxylase was present in com, woolly 
cupgrass and shattercane. However, it is unknown whether the proposed nicosulfiiron and 
primisulfiiron hydroxylase gene in shattercane or the nicosulfiiron hydroxylase gene in woolly 
cupgrass was present. 
Inhibitor experiments. Nicosulfuron hydroxylation was inhibited in vitro in com by the 
presence of 100 |iM primisulfiiron or bentazon (Table 2). Primisulfiiron was more inhibitory 
than bentazon in reducing nicosulfuron hydroxylation. This suggests that nicosulfuron 
competed with primisulfiiron and bentazon at the P-450 active site. However, nicosulfiiron 
did not inhibit primisulfuron hydroxylation while bentazon inhibited primisulfiiron 
hydroxylation in com. Primisulfuron hydroxylation in woolly cupgrass was unaffected by the 
presence of 100 |aM nicosulfuron or bentazon (Table 2). Woolly cupgrass primisulfiiron 
hydroxylase behaved differently than primisulfuron hydroxylase in corn, thus suggesting that a 
different cytochrome P-450 isozyme in woolly cupgrass may be responsible for primisulfiiron 
hydroxylation. However, woolly cupgrass primisulfiiron hydroxylase activity was so low it 
was hard to quantitatively determine an interaction between these herbicides. These results 
indicated that nicosulfiiron did not compete with primisulfuron at the binding site in com, but 
that primisulfiiron may compete with nicosulfiiron at the active site. Bentazon may also 
* Mike Barrett, University of Kentucky, personal communication. 
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Table 2. Nicosulfuron and primisulfliron hydroxylation in com and woolly cupgrass as 
affected by 100 loM nicosulfuron, primisulfliron or bentazon. 
Total hydroxylation 
Herbicide Nicosulfuron Primisulfliron Bentazon 
pM mg"' protein min"' 
Com 
Nicosulfuron 44(9)'*' 1(1) 5(2) 
Primisulfuron 23 (4) 26 (7) 12 (4) 
Woolly cupgrass 
Primisulfuron 4(1) 4(2) 4(1) 
"Numbers in parenthesis represent standard deviations of the mean. 
''Intersection of identical herbicides represent 20 ^iM control treatments. 
compete with both nicosulfuron and primisulfuron at the active site in com. 
Bentazon inhibited pyrimidinyl-primisulfuron hydroxylation (Table 3). No inhibition 
was observed for phenyl-primisulfliron hydroxyaltion. This suggested that inhibition was 
limited to the pyrimindyl-primisulfuron hydroxylase and may indicate that pyrimidinyl- and 
phenyl-primisulfliron hydroxylases were two different cytochrome P-450 isozymes. Phenyl-
primisulfliron hydroxylation activity was very low and quantification of differences were 
difficult. 
Each species responded differently to inhibition by ABT, PBO and tetcyclasis. In 
com, nicosulfuron hydroxylation was inhibited by PBO and tetcyclasis, and bentazon 
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Table 3. Phenyl- and pyrimidinyl-primisulfuron hydroxylation in com as affected by 100 joM 
nicosulfuron and bentazon. 
Hydroxylation 
Herbicide Phenyl Pyrimidinyl 
•—pM mg"' protein min"' 
Nicosulfuron 4(2)' 
3(2) 
3(3) 
18(3) 
23(4) 
9(7) 
Primisulfuron 
Bentazon 
•Numbers in parenthesis are standard deviations of the mean. 
hydroxylation was inhibited by ABT, PBO and tetcyclasis (Table 4). However, primisulfuron 
hydroxylation was significantly reduced by only ABT. This may be explained by the large 
variation in inhibition observed in the primisulfuron treatments. This data would further 
suggest that different cytochrome P-450 isozymes hydroxylate nicosulfuron and primisulfuron. 
Woolly cupgrass primisulfuron hydroxylation was inhibited by tetcyclasis (Table 5). Woolly 
cupgrass primisulfuron hydroxylation was very low and quite variable. Thus, quantification 
and interpretation of primisulfuron hydroxylation was difficult. However, bentazon 
hydroxylation was inhibited by ABT but not by PBO suggesting that different cytochrome P-
450 isozymes hydroxylate primisulfuron and bentazon in woolly cupgrass (Table 5). In 
shattercane, bentazon hydroxylation was inhibited by ABT, PBO and tetcyclasis (Table 6). 
Shattercane and com bentazon hydroxylation inhibition patterns were similar ABT, PBO and 
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tetcyclasis all inhibited bentazon hydroxylation. This suggested that the bentazon hydroxylase 
may be the same isozyme in shattercane and com. 
Napthalic anhydride requirement. Napthalic anhydride was required for detectable 
nicosulfuron, primisulfuron and bentazon hydroxylase activity in com and bentazon 
hydroxylase in woolly cupgrass (Table 7). Hydroxylation of nicosulfuron, primisulfuron and 
bentazon in com and bentazon in woolly cupgrass were only detected when NA was 
applied prior to cytochrome P-450 isolation. However, a small amount of bentazon 
hydroxylation was detected in shattercane without NA. Shattercane had a higher basal level 
of bentazon hydrolase activity than com or woolly cupgrass. Reasons for this higher basal 
Table 4. Nicosulfuron, primisulfuron and bentazon hydroxylation inhibition in com. 
Total hydroxylation 
Inhibitor* Nicosulfiiron Primisulfuron Bentazon 
~% of control-
Control 110(13)"' 56(24) 108(10) 
ABT 101 (13) 40(11) 79(14) 
DMSO 100(6) 100(30) 100(6) 
PBO 50 (7) 62 (26) 79 (7) 
Tetcyclasis 42(10) 85 (79) 24(7) 
LSD0.05 13 49 12 
'All inhibitors contained 2 nl DMSO. 
"T^umbers in parenthesis are standard deviations of the mean. 
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level of bentazon hydroxylation are unknown but have.been reported by other authors (11, 
16). 
Without NA induction of cytochrome P-450, studying in vitro nicosulfuron, 
primisulfuron and bentazon hydroxylation in com, woolly cupgrass and shattercane would be 
difficult. It is however, unknown which cytochrome P-450 isozyme(s) are induced by NA 
treatment. Haack and Balke (II) reported that bentazon hydroxylase was enhanced in NA-
treated grain sorghum, but NA treatment had no affect on cinnamic acid hydroxylase activity. 
It was apparent however, that NA induced the cytochrome P-450 com nicosulfuron, 
primisulfuron and bentazon hydroxylase, woolly cupgrass bentazon and primisulfuron 
Table 5. Primisulfuron and bentazon hydroxylation inhibition in woolly cupgrass. 
Total hydroxylation 
Inhibitor" Primisulfuron Bentazon 
—% of control— 
Control 124(96)" 115(30) 
ABT 53 (41) 75 (19) 
DMSO 100(67) 100(9) 
PBO 38(37) 99(18) 
Tetcyclasis 23 (26) 87 (21) 
LSDO.o5 70 23 
*A11 inhibitors contained 2 nl DMSO. 
•T^umbers in parenthesis are standard deviations of the mean. 
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hydroxylase and shattercane bentazon hydroxylase isozyme(s). 
Cytochrome P-450 quantiflcation. Napthalic anhydride induced cytochrome P-450 in all 
species (Table 8). Cytochrome P-450 was induced 1.5-fold in com and woolly cupgrass, while 
in shattercane, cytochrome P-450 was induced 3.9-fold. Haack and Balke (11) reported that 
NA induction of cytochrome P-450 in grain sorghum was variety dependant. Shattercane had 
more cytochrome P-450 per mg of protein than other species studied in this research and also 
had the highest level of bentazon hydroxylation. However, the increase of cytochrome P-450 
was about two-fold, and the hydroxylase activity was as much as five- to eight-fold greater 
Table 6. Bentazon hydroxylation inhibition in shattercane. 
Total Hydroxylation 
Inhibitor* Bentazon 
Control 
ABT 
DMSO 
PBO 
Tetcyclasis 
LSD, 0.05 
—% of control— 
120(21)'' 
82 (20) 
100(11) 
82 (8) 
28(4) 
18 
"All inhibitors contained 2 ^il of DMSO. 
''Numbers in parenthesis are standard deviations of the mean. 
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than com or woolly cupgrass, respectively. 
It was unclear how NA enhanced cytochrome P-450 hydroxylation activity. 
Cytochrome P-450 amounts increased 1.5-fold in NA-induced com and woolly cupgrass, but 
v^dthout NA, very little hydroxylation was detected. However with NA-induction, 
hydroxylation was readily detected. Evidently, NA induced the herbicide hydroxylating 
cjrtochrome P-450 isozymes, which make up a small portion of the total cytochrome P-450 
pool. Thalacker et al. (22) showed that NA enhanced triasulfliron (l-(2-
chloroethoxyphenylsulonyl) -3-(6-methoxy-4-methyl-l,3,5-triazin-2-yl)urea) hydroxylase in 
wheat fTriticum aestivum L.) without increasing cytochrome P-450 amount. 
Table 7. Nicosulfiiron, primisulfliron and bentazon hydroxylation in com, woolly cupgrass 
and shattercane treated with or without NA. 
Total hydroxylation' 
Nicosulfiiron Primisulfiiron Bentazon 
Species +NA -NA +NA -NA +NA -NA 
—pM mg"' protein min"'" 
Com 55 (12)' 0(0) 14(13) 0(0) 125(17) 0(0) 
Shattercane ND" ND ND ND 1559(95) 42(4) 
Woolly cupgrass ND ND ND ND 165 (27) 0(0) 
"Numbers in parenthesis are standard deviations of the mean. 
assays were not performed because of no or very low activity detected in previous 
experiments. 
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Table 8. Corn, woolly cupgrass and shattercane cytochrome B, and cytochrome P-450 
amounts as effected by napthalic anhydride. 
Cytochrome Bj Cytochrome P-450 
Species +NA -NA +NA -NA 
—pM mg'" of protein— 
Com 314 225 115 76 
Woolly cupgrass 299 208 178 122 
Shattercane 256 275 263 66 
Com, woolly cupgrass and shattercane in vivo response to nicosulfuron, primisulfuron 
and bentazon correlated with in vitro hydroxylase activity. Com hydroxylated all three 
herbicides, woolly cupgrass hydroxylated primisulfuron and bentazon and shattercane 
hydroxylated only bentazon. Hydroxylation facilitated the degradation of the herbicide to a 
non-toxic form and allowed the plant to survive the herbicide. Hydroxylation was dependant 
on NADPH and required pretreatment with NA in corn and woolly cupgrass to be 
detected. Bentazon inhibits primidinyl-primisulfiiron hydroxylase, but nicosulfuron does not. 
Primisulfuron and bentazon also inhibited nicosulfuron hydroxylation. Nicosulfuron, 
primisulfuron and bentazon hydroxylation is likely facilitated by different isozymes. Bentazon 
hydroxylase in com and shattercane were likely the same isozyme. 
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CHAPTER 4. GENERAL CONCLUSIONS 
Selectivity of nicosulfuron and primisulfuron in corn, woolly cupgrass and shattercane 
was based on metabolism. Com was able to metabolize both nicosulfuron and primisulfuron 
and was thus tolerant to both herbicides. Woolly cupgrass was tolerant to primisulfuron and 
rapidly metabolized it to a non-toxic form. Woolly cupgrass was unable to rapidly metabolize 
nicosulfuron in vivo nor in vitro. Shattercane was sensitive to both nicosulfuron and 
primisulfuron and did not rapidly metabolize either herbicide in vitro or in vivo. 
No basis for selectivity was found at acetolactate synthase enzyme level. Acetolactate 
synthase enzyme from all species was sensitive to nicosulfuron and primisulfuron. However, 
primisulfijron was more inhibitory than nicosulfuron to acetolactate synthase for each species. 
Less nicosulfuron and primisulfuron penetrated into com than woolly cupgrass or 
shattercane. This reduced penetration into com may afford com some selectivity, but was not 
the main mechanism of selectivity in com, woolly cupgrass and shattercane. More 
primisulfuron than nicosulfuron penetrated into woolly cupgrass, yet woolly cupgrass was not 
sensitive to primisulfuron but was sensitive to nicosulfuron. Further, more primisulfuron than 
nicosulfuron penetrated into shattercane, but shattercane was sensitive to both herbicides. 
It is unlikely that increasing primisulfuron penetration into woolly cupgrass would 
result in greater efficacy. More primisulfuron penetrated into woolly cupgrass than 
nicosulfuron, but woolly cupgrass was not controled by primisulfuron. The only way to 
increase primisulfuron activity in woolly cupgrass would be to reduce primisulfuron 
metabolism in woolly cupgrass by inhibiting cytochrome P-450. This may however lead to 
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loss of com selectivity. 
Further work should be done to determine if the genes for nicosulfliron and 
primisulfliron hydroxylase are present in woolly cupgrass and shattercane, respectively. 
Further work should also be done to determine if competition for hydroxylation between 
herbicides is at the active site. 
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